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METHODS

Subjects
Twelve men [27.9 Ϯ 7.5 (SD) yr; 79.32 Ϯ 12.79 kg; 180.5 Ϯ 9.9 cm] volunteered for this project, which was approved by the Flinders Medical Center's Committee on Clinical Investigation. Informed consent was obtained in accordance with the established protocol for human subjects.
The costs of publication of this article were defrayed in part by the payment of page charges. The article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
Hydrodensitometry
Underwater weighing at RV with estimation of RV by helium dilution. BD was determined by underwater weighing. A chair was suspended by a pulley system from an S1W Western Load Cell (Western Load Cell, Encino, CA), which was connected to a digital readout and an R-61 Rikadenki (Rikadenki Kogyo, Meguro-Ku, Tokyo, Japan) chart recorder. The FW-150K electronic balance (A&D Mercury Pty, South Australia, Australia), which was used for measuring nude mass to the nearest 20 g, and the load cell were calibrated over the physiological range of measurement by using masses that had been authenticated by the South Australian Office of Fair Trading. Five to ten underwater trials were conducted at RV, and the mean of the three largest masses was used to calculate BD. Water temperature was maintained in the range of 34.5-36.3°C.
The RV was estimated by helium dilution by using a 10-liter Stead-Wells modular spirometer and helium analyzer (Warren E. Collins, Braintree, MA). The constancy of the equipment's dead space was checked weekly, and the helium analyzer's accuracy was also monitored weekly by using gases of 0 and 10.0% helium. We used the manufacturer's modification of a procedure, which was outlined by Meneely and Kaltreider (15) FRC (ml) ATPS ϭ V (ml) ϫ 1
where V is the initial volume of the spirometer and tubing; %He 1 is the percentage of helium before equilibration with the lung; %He 2 is the percentage of helium after equilibration with the lung; and 125 ml is the correction for the dead space of the mouthpiece, the helium absorbed by the blood, and the respiratory quotient effect.
The expiratory reserve volume (ERV) was measured directly from the spirometer tracing. The FRC and ERV were converted to BTPS conditions, and the RV was calculated by subtraction (RV ϭ FRC Ϫ ERV).
The RV was determined before and after the underwater trials, and the mean was used to calculate BD. The time interval between these two trials was at least 15 min. Measurements were conducted while the subject was immersed to neck level and in the same posture as during the underwater trials. BD was then calculated by using the formula of Goldman and Buskirk (11) , except that no correction was applied for gas in the gastrointestinal tract. The %BF was then calculated from BD according to Brozek et al. (Ref. 3 ; %BF ϭ 497.1/BD Ϫ 451.9).
Underwater weighing at approximately FRC with estimation of this lung volume by oxygen dilution. This procedure was identical to the preceding method except that the subjects were instructed to expire to a comfortable level (approximately FRC) for four immersed mass trials with each associated lung volume being measured by oxygen dilution immediately on surfacing. The mean of the three closest trials, which differed from one another by Ͻ1.0% BF, was used for all subsequent calculations.
Four polyethylene-lined foil bags were each filled with either 3.0 or 4.0 liters of pure oxygen and sealed with a stopcock. The subjects held their breath during the immersed mass measurements and on surfacing until the insertion of a modified mouthpiece. The stopcock was then opened, and the subject executed five deep breaths at a rate of 3 s per respiratory cycle before the stopcock was closed at the end of the fifth expiration. Care was taken to ensure that the bag was not completely evacuated. The percentage of nitrogen in the bag at equilibrium was then measured by a HewlettPackard 47302A Vertek (Andover, MD) nitrogen analyzer, which was checked daily for linearity and accuracy by using 0, 40.0, and 79.0% nitrogen gas standards. The gas volume in the lungs for each immersed mass trial was then calculated by using the Wilmore et al. (23) 
where VO 2 is the volume (ml) of O 2 in the bag; %N 2eq is the percentage of N 2 at equilibrium; DS (ml) is the dead space of the mouthpiece, which is 20 ml; 0.4 is the percentage of N 2 impurities in the O 2 rebreathing bag; 80 is the percentage of N 2 in alveolar gas; and 0.2 is the correction for the percentage of N 2 in alveolar gas (0.2% Ͼ %N 2eq ). The above volume was converted to BTPS conditions. This enabled the BD and %BF to be calculated as previously outlined.
Experimental Design
All experiments were conducted in the morning when the subjects were postabsorptive and euhydrated and had not exercised for 36 h. They were requested to walk for several minutes and then void in an attempt to eliminate any flatus in the gastrointestinal tract. Both of the following experimental treatments were administered on each of two separate visits within 3 days to minimize intrasubject biological variability, and the overall order was counterbalanced to control for any order effect: 1) measurement of RV via helium dilution both before and after the immersed trials at RV; and 2) expiration to a comfortable level (approximately FRC) with measurement of this gas volume by oxygen dilution each time an underwater mass was recorded.
Statistical Analysis
Data were analyzed by using interclass and intraclass correlation coefficients, technical errors of measurement (TEM) (7, 17) , and dependent t-tests. A Bland-Altman plot, which was originally suggested by Oldham (18) but subsequently refined and popularized by Bland and Altman (2), was used to compare the two experimental treatments. The 0.05 level was used for all tests of statistical significance. Table 1 contains the raw data for the hydrodensitometric method, which involved the estimation of RV by helium dilution. These data yielded a TEM or SE of measurement, percent TEM, and intraclass correlation coefficient of 0.2% BF, 1.5%, and 0.999, respectively. Individual differences between the 2 days ranged from Ϫ0.6 to 0.5% BF with a SD of 0.4% BF. The means of the two data sets (day 1: 16.9 Ϯ 9.2% BF; day 2: 16.9 Ϯ 9.4% BF) were identical, and the dependent t-test was, therefore, not statistically significant (P ϭ 0.81).
RESULTS
The RV by helium dilution data are presented in Table 2 . Analyses of the means of the two trials on each day resulted in a TEM, percent TEM, and intraclass correlation coefficient of 51 ml, 3.7%, and 0.967, respectively. The corresponding statistics between trials on each day indicated greater reproducibility and reliabil-ity (day 1: 17 ml, 1.2%, 0.996; day 2: 23 ml, 1.6%, 0.994, respectively).
The %BF data for the hydrodensitometric method, which used the oxygen dilution technique, are contained in Table 1 , and the TEM, percent TEM, and intraclass correlation coefficient between the scores on days 1 and 2 were 0.4% BF, 2.3%, and 0.998, respectively. Individual differences between the 2 days ranged from Ϫ1.0 to 0.9% BF with a SD of 0.6% BF. As with the previous treatment, the means of the 2 days were identical (day 1: 16.9 Ϯ 9.2% BF; day 2: 16.9 Ϯ 9.5% BF) and yielded a nonsignificant dependent t-test (P ϭ 0.93).
The 12 means of the two measurements for each treatment are graphed in Fig. 1 . The interclass correlation coefficient was 0.999 with a SE of estimate of 0.4% BF. The regression line was superimposed on the line of identity because the slope and y-intercept of the former were 1.007 and Ϫ0.1% BF, respectively. Individual differences between the treatments ranged from Ϫ0.7 to 0.6% BF, and there were no differences between the means (P ϭ 0.80) and variances (P ϭ 0.97).
A Bland-Altman plot (Fig. 2) demonstrates that all 12 differences between the two treatments were within Ϯ1.53 SD of the differences with no clear trend over the range of 3.3 to 33.5% BF. This latter point is supported by an interclass correlation of Ϫ0.188 (P ϭ 0.56). Nevertheless, the variance for the differences between the two measurements using the oxygen dilution method (0.3% BF) was significantly greater (P Ͻ 0.01) than that using helium dilution (0.1% BF).
DISCUSSION
The major finding of this study is that there is no %BF difference between two hydrodensitometric methods, which involve: 1) estimation of RV by helium dilution before and after measurement of immersed mass at RV, and 2) measurement of immersed mass at a comfortable level of expiration with the associated gas volume estimated by oxygen dilution immediately on surfacing. Notwithstanding our small sample size of 12, the Ϫ0.03% BF difference between the two treatments is negligible, and the probability is 0.95 that the true difference between the means for the population is within the range of Ϫ0.03 Ϯ 0.25% BF. Thomas and Etheridge (20) reported similar results for %BF via hydrodensitometry at RV and FRC when both volumes were measured by helium dilution at the time of immersed mass determination. They concluded that changes in lung volumes were accurately reflected by concomitant changes in immersed mass. Whereas all subjects were specifically chosen for their ability to remain immersed at RV, this methodology may result in immersed masses at somewhat less than RV with consequent overestimation of %BF. Nevertheless, this does not appear to have occurred with our subjects because the precision of both methods was very high and they yielded almost identical results. However, this requirement that the immersed mass be recorded at RV is not made with our oxygen dilution method, which all subjects found to be less stressful than the helium dilution method because it did not involve expiration to RV. The oxygen dilution method is, therefore, more appropriate for testing subjects who find measurements at RV both uncomfortable and difficult. This applies particularly to older persons. Our oxygen dilution method also has an additional advantage in that the gas volume in the respiratory system during each immersed mass trial is measured instead of assuming that the immersed mass is determined at the same lung volume as that estimated separately by helium dilution.
Our intraclass correlation coefficients and TEMs emphasize that the RV can be measured with very high reliability and reproducibility by using helium dilution. The interday TEM of 51 ml is somewhat better than that of 84 ml reported by Meneely and Kaltreider (15) , who originally proposed this method. However, it should be noted that our subjects were specifically chosen for their ability to execute an ERV and remain immersed at RV. They may, therefore, have been better at reproducing maximal efforts than the 22 normal subjects tested by Meneely and Kaltreider. Furthermore, analyzer technology has improved since 1949. A major reason for our lower intraday TEMs of 17 and 23 ml is that there was doubtless greater control over biological variability. Wilmore (22) also reported a low TEM of 28 ml for 195 men when he measured the RV via oxygen dilution.
It can be argued that the Rahn et al. (19) modification of the Lundsgaard and Van Slyke (13) method for the measurement of RV via oxygen dilution is not appropriate for the present study, which, according to the instructions given to the subjects, involved the estimation of the FRC. However, the six most divergent pairs of data sets in ascending order of difference for immersed mass and gas volume, together with the associated %BF values, are presented in Table 3 . With the use of the lung volumes that were measured during the helium dilution tests, only 52% of the oxygen dilution trials for the 12 subjects occurred between the end-tidal expiratory level and RV. The six largest volume differences, which are presented in Table 3 , ranged from 26.5 to 34.3% total lung capacity (TLC) [tidal volume (VT) ϭ 24.8-32.4% TLC] for subject H and from 32.6 to 56.2% TLC (VT ϭ 33.8-44.0% TLC) for subject L. These data demonstrate that there is close agreement between the two %BF scores for each of the six subjects despite very large differences for the gas volumes in the respiratory system. It would, therefore, appear that the methodology and formula are appropriate for measuring BD associated with a range of lung volumes (i.e., 21.8-56.5% TLC).
A problem with dilution methods is that they do not measure the gas that is trapped behind closed airways. However, Dahlback and Lundgren (6) have demonstrated that the gas trapping that occurs during immersion is eliminated when the lung volume is increased to 38-43% vital capacity (VC). We were aware of this problem during the helium dilution method because the subjects were at resting VT during the 3-to 4-min equilibration period. They were, therefore, instructed to sigh midway through this equilibration period, and the second helium reading, which was used to calculate the FRC, was not recorded until reestablishment of a baseline on the spirometer chart paper after the first of the two inspiratory VC maneuvers. Furthermore, the five deep respirations during the oxygen dilution method involved the subjects operating at 57-83% VC. Hence precautions were taken to eliminate gas trapped behind closed airways during both helium and oxygen dilution.
Both methods that we compared required the measurement of mass in air, immersed mass, water temperature, and either the RV or the near end-tidal expiratory level (approximately FRC). Measurement of the first three variables was identical for both methods: the weighing scales and load cell were calibrated to within Ϯ20 g over the physiological range of measurement, and the temperature sensor was authenticated against a National Association of Testing Authorities (Austra- Percent total lung capacity (%TLC), residual volume (RV)-to-TLC ratio (RV/TLC), and functional residual capacity (FRC)-to-TLC ratio (FRC/TLC) are estimated by helium dilution (15) . Subject K appears twice because he produced divergent values at each visit. %BF, percent body fat. lia) certified instrument. Any measurement error due to these instruments would, therefore, be minimal and randomly distributed across the two methods. However, whereas both closed-circuit methods used the dilution principle, it is essential to review the assumptions and their associated errors when estimating the RV via helium dilution and the near end-tidal expiratory level (approximately FRC) by oxygen dilution.
Helium Dilution
It is logical that some helium is absorbed by the blood during the 3-to 4-min rebreathing procedure, but estimates of this volume vary. However, it is likely to be small, because helium has the lowest solubility coefficient in water at 37°C (Bunsen's absorption coefficient ϭ 0.0085) of any inert gas (12) . Meneely and Kaltreider (15) originally proposed that 10 ml of helium were absorbed by the blood during their 7-min rebreathing period, which was of longer duration than ours. Their later revised estimate (14) of 15 ml was associated with a FRC overestimate of 100 ml. However, both helium volumes are close to the limit of visual discrimination on the spirometer chart paper (1 mm ϭ 41.45 ml).
Oxygen uptake normally exceeds carbon dioxide output in the lung. This so-called respiratory quotient effect, therefore, results in a higher helium concentration in the lung than in the spirometer. Assuming a respiratory exchange ratio of 0.8 and a FRC of 2.0 liters, Meneely et al. (14) calculated that this resulted in a FRC overestimate of 30 ml.
Another problem is that there is more nitrogen in the spirometer at the end of the test than at the beginning. The resultant effect on the thermal conductivity of the helium analyzer results in a FRC overestimate of 75 ml (14) .
The sum of the three previous correction factors is 205 ml. However, plethysmography is the primary standard for the measurement of FRC. Zarins (25) has accordingly reported that the mean FRC for 125 healthy adults aged 20-80 yr was 3,065 ml via plethysmography and 3,050 ml by helium dilution when 100 ml were subtracted for helium absorption and the respiratory quotient effect. This now appears to be the authoritative correction factor (16) .
Oxygen Dilution
The formula assumes that the volume of nitrogen in the lung-bag system does not change during mixing. Whereas the volume of nitrogen released from the blood into the alveoli has been estimated at 200-300 ml (4, 8) during the 7 min of the open-circuit method, this will be much less during the ϳ15 s of rebreathing that was used in our closed-circuit method. With the use of the assumptions of Rahn et al. (19) (cardiac output ϭ 5 l/min; lung-blood nitrogen gradient ϭ 350 mmHg; absorption coefficient of nitrogen in blood ϭ 0.011), it can be calculated that only 6.3 ml of nitrogen would enter the lungs during the ϳ15 s of rebreathing. Christie (5) also calculated a low value of 10-12 ml during 20 s of hyperventilation. Both of the previous estimates affect the calculated gas volume by 9 and 17 ml, respectively, which translate to ϳ0.1% BF for the mean of our data. This error is very small, and it was, therefore, decided not to include a correction factor in our formula for blood nitrogen release.
Another error source is inconsistency of the percentage of nitrogen in the alveolar gas. Rahn et al. (19) argue logically for a constant of 80.0%, and this approximates the 79.7% that can be calculated from the alveolar carbon dioxide and oxygen tensions of 40 and 105 mmHg, respectively, which are quoted in popular physiology texts (10, 21) . Furthermore, the error due to biological variability in healthy subjects is likely to be small, because a variation of 1.0% is equivalent to an error of 50 ml, which translates into an error of ϳ0.3% BF.
The 0.2% correction factor of Wilmore et al. (23) is presumably based on his previous work (22) in which, for each subject, he measured the percentage of nitrogen in alveolar gas before and after the subject rebreathed from the bag of oxygen in addition to the percentage of nitrogen in the bag at equilibrium.
Correction factors and assumed constants may be responsible for systematic differences between methods. However, whereas it is reassuring that virtually identical results were obtained for our two methodologies, which some may assume are therefore valid, an alternative interpretation is that the cumulative effects of each set of assumptions resulted in identical errors.
It has been hypothesized that the human body contains 2-3% essential fat (1). This is marginally below the scores of 3.1-3.5% BF for subject B, who can, therefore, be judged to possess negligible storage fat. However, the major limitation of hydrodensitometry is the assumption of 1.1000 g/cm 3 for the FFM density. Subjects with greater FFM densities, which can be due to less than the assumed percentage of water and/or more than the assumed amount of bone mineral, will, therefore, have their %BF underestimated (24) .
In summary, our data on a small sample of 12 healthy men indicate that the two following hydrodensitometric methods yield the same %BF values: 1) estimation of RV by helium dilution before and after measurement of immersed mass at RV, and 2) determination of immersed mass at a comfortable level of expiration (approximately FRC) with measurement of the associated gas volume by oxygen dilution. Whereas reliability and precision for both methods were very high, the subjects' comfort was enhanced during the oxygen dilution protocol because they did not have to exhale to RV during immersion. This would be a major advantage when older subjects are tested. The oxygen dilution method was also more expedient than that involving helium dilution.
